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ABSTRACT
This work investigates the role played by the divergent circulation for meridional eddy momentum
transport in the tropical atmosphere. It is shown that the eddy momentum flux in the deep tropics arises
primarily from correlations between the divergent eddy meridional velocity and the rotational eddy zonal
velocity. Consistent with previous studies, this transport is dominated by the stationary wave component,
associated with correlations between the zonal structure of theHadley cell (zonal anomalies in themeridional
overturning) and the climatological-mean Rossby gyres. This eddy momentum flux decomposition implies a
differentmechanismof eddymomentum convergence from the extratropics, associatedwith upper-level mass
convergence (divergence) over sectors with anomalous westerlies (easterlies). By itself, this meridional
transport would only increase (decrease) isentropic thickness over regions with anomalous westerly (easterly)
zonal flow. The actual momentum mixing is due to vertical (cross isentropic) advection, pointing to the key
role of diabatic processes for eddy–mean flow interaction in the tropics.
1. Introduction
This paper is concerned with the dynamics of merid-
ional eddy momentum transport in the tropical tropo-
sphere. While early paradigms of tropical momentum
transport envisioned a nearly inviscid Hadley cell de-
celerated by Rossby waves of extratropical origin, Lee
(1999) showed that in fact, the westerly eddy forcing
compensates the deceleration by the off-equatorial
Hadley cell in the deep tropics. As this eddy forcing
plays a key role in theories of equatorial superrotation
(Hide 1969), themaintenance of the tropical momentum
budget has received much attention in idealized studies
of planetary atmospheres (Showman and Polvani 2011;
Pinto and Mitchell 2014; Laraia and Schneider 2015). It
has also been suggested that the terrestrial atmosphere
might transition to a superrotating state in a much
warmer climate (Caballero and Huber 2010).
Dima et al. (2005) performed a detailed analysis of the
tropical momentum budget in the terrestrial atmosphere
and found the eddy forcing to be dominated by the
stationary meridional momentum convergence. They
proposed that the observed momentum transport could
be associated with the atmospheric response to asym-
metric tropical heating as in the classical Gill (1980)
problem, though they did not study the dynamics of this
response in detail. There is also modeling evidence from
idealized studies (Suarez and Duffy 1992; Saravanan
1993; Kraucunas and Hartmann 2005) that asymmetric
tropical heating produces a westerly acceleration in the
deep tropics and can lead to superrotation when the
Hadley cell upwelling is not too far off the equator
(Kraucunas and Hartmann 2005). In all these studies,
the posited mechanism for the tropical acceleration
is themeridional propagation of Rossby waves forced by
the heating, similar to the dynamics of the extratropical
eddy-driven jet. An alternative perspective was pro-
vided by Showman and Polvani (2011), who studied the
dynamics of equatorial acceleration in Gill-like settings
motivated by the superrotation of tidally locked planets.
These authors noted some problems with the classical
paradigm of jet driving by meridionally propagating
Rossby waves in the tropics, and proposed an alternative
mechanism based on the interaction between the Kelvin
and Rossby components of the Matsuno–Gill response.
Zurita-Gotor and Held (2018) have recently argued that
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the same mechanism could drive the superrotation of
nonconvecting atmospheres at large thermal Rossby
number, except that the Kelvin andRossby waves would
be forced by an ageostrophic instability in this case (Iga
and Matsuda 2005; Wang and Mitchell 2014).
A fundamental concept in our understanding of
wave–mean flow interaction is the link between eddy
dissipation and mean-flow acceleration (Andrews and
McIntyre 1976). Zurita-Gotor and Held (2018) identify
two different routes to eddy dissipation in planetary
atmospheres that can lead to the spinup of eddy-driven
jets. The first mechanism involves dissipation by
breaking vorticity waves (i.e., vorticity mixing along is-
entropic surfaces). This produces an easterly accelera-
tion over the breaking region (if the vorticity gradient is
positive), which is compensated by westerly acceleration
over the source region when these two regions are dis-
tinct. This mechanism is thought to be responsible for
the spinup of the extratropical jet (Vallis 2006) and may
also give rise to tropical eddy-driven jets in the presence
of a robust tropical vorticity source (Suhas et al. 2017).
Alternatively, the dissipation driving the mean flow
change could be diabatic. The latter appears to be the
underlying mechanism for superrotation in the simula-
tions of Showman and Polvani (2011) and Zurita-Gotor
andHeld (2018), in which the tropical vorticity fluxes are
weak and/or negative, and the westerly acceleration is
imparted by vertical (cross isentropic) momentum ad-
vection instead.
The weakness of the Rossby wave source in the deep
tropics (Sardeshmukh and Hoskins 1988) and the dia-
batic character of the tropical circulation suggest that
the second mechanism might also be more relevant for
eddy momentum forcing in the terrestrial atmosphere.
Our study aims to test this conjecture and to investigate
its implications for eddy momentum transport in the
tropical troposphere more broadly. We will show that
since the divergent flow is an important component of
tropical eddy momentum transport, the mechanism of
meridional momentum transport is different from that
in the extratropics. We will also investigate the role of
the different components of the climatological-mean
tropical circulation in the momentum transport and
characterize the momentum transport by the Madden–
Julian oscillation (MJO). We present a comprehensive
description of the observed tropical momentum flux
in this paper while a companion study (Zurita-Gotor
2019, manuscript submitted to J. Atmos. Sci., hereafter
Part II) will investigate the dynamical determinants of
this momentum flux.
This paper is organized as follows. Section 2 introduces
the data and methodology used. Section 3 provides some
context by reviewing the seasonally varying tropical
momentum balance and the impact of eddy forcing for
angular momentum conservation and superrotation.
Section 4 performs a meridional–vertical decomposition
of the eddy momentum forcing using the advective and
flux forms. It is shown that while meridional propagation
dominates, the momentum mixing occurs primarily in
the vertical near the equator. Section 5 discusses two
different mechanisms that can produce meridional
eddy momentum convergence, which are relevant
for tropical and extratropical eddy-driven jets, re-
spectively. Section 6 analyzes the dominant contri-
butions to the meridional eddy momentum flux, and
section 7 focuses on the MJO. We close with a brief
summary and some discussion in section 8.
2. Data and methods
We use in this study four-times daily gridded wind
data (u, y, v) at 2.58 horizontal resolution from ERA-
Interim (Dee et al. 2011) for the 37-yr period spanning
from 1979 to 2016. For some of our analyses, the hori-
zontal wind field (u, y) is decomposed into its non-
divergent (rotational) and irrotational (divergent)
components, which will be denoted using r and d sub-
scripts in the following. The rotational wind is defined in
terms of the streamfunction c, obtained by inversion of
the vorticity field j, and the divergent wind is defined in
terms of the velocity potential x, obtained by inversion
of the divergence field D.
Eddy components, denoted with primes, are de-
fined as deviations from zonal averages (indicated by
overbars), and eddy fluxes are computed by zon-
ally averaging the products of the daily mean eddy
anomalies. Seasonal cycles of individual variables
and eddy fluxes are defined in terms of their daily
climatologies over the 37-yr record. For display pur-
poses, this daily climatology is smoothed using a
20-day running mean.
For each calendar month, we define the stationary
eddy component of a variable as the 37-yrmonthlymean
eddy climatology for that variable. Seasonal cycles of
stationary eddy fluxes are then computed by zonally
averaging the products of these stationary eddy com-
ponents for each month. We also define seasonal cycles
in the transient eddy fluxes as the differences between
the seasonal cycles in the full eddy fluxes (averaged for
each calendar month) and in the stationary eddy fluxes.
These transient eddy fluxes include variability at both
submonthly and interannual time scales, but some of the
slow intraseasonal variability may be contaminated into
the seasonal variability due to the reduced record. This
could affect in particular the MJO variability, with pe-
riods on the order of a month.
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To investigate the impact of the MJO in more detail,
we use regression analysis based on the MJO indices of
Adames and Wallace (2014). These authors define the
MJO cycle in terms of the two leading global EOFs of the
velocity potential difference between 150 and 850hPa,
computed after removing the seasonal cycle and low-
frequency (T . 120 days) variability from the data. The
two leading EOFs (with similar explained variances)
represent structures in near quadrature, and the corre-
sponding principal components are very highly correlated
at lags of about a week, as expected for a propagating
mode of variability. Regressions for the different MJO
phases are computed as linear combinations of the
regressions on the two standardized principal compo-
nents characterizing the in-quadrature MJO phases.
We perform independent analyses for the extended
winter [November–March (NDJFM)] and summer
[June–September (JJAS)] seasons following Adames
et al. (2016), and assess statistical significance using a
conservative decorrelation time scale of 10 days to
estimate the number of degrees of freedom (Adames
and Wallace 2014).
3. The seasonally varying tropical momentum
balance
Figure 1a shows the seasonal cycle of the net [merid-
ional plus vertical; see Eq. (3) in the next section] upper-
troposphere zonal-mean eddy acceleration, vertically
averaged between 300 and 150hPa. As noted by Dima
et al. (2005), tropical eddies transport momentum from
thewinter to the summer hemisphere against theHadley
FIG. 1. (a) Seasonal cycle of net eddy acceleration (m s21 day21), with the zero contour shown with a thick black
dotted line. The red line shows the vorticity equator (latitude with f 1 j5 0) and the blue line the latitude of zero
meridional flow. The arrows indicate the directions of the seasonal Hadley cells. (b) As in (a), but for the accel-
eration by the stationary eddies. (c) Cross-equatorial vorticity flux (in acceleration units: m s21 day21) by the
Hadley cell (red), by the eddies (blue), and net advective vorticity flux (black). Also shown with magenta line is the
NH vorticity generation by vertical advection and tilting. (d) Observed equatorial zonal wind (black) and equa-
torial wind predicted by angular momentum conservation based on the planetary momentum at the latitude of
maximum zonal-mean upwelling (red) or the weighted average of planetary momentum over the regions of mean
tropical upwelling (blue). All variables are integrated over the 300–150-hPa layer and daily climatologies have been
smoothed using a 20-day running mean.
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cell meridional flow (illustrated with arrows). The
eddy forcing in Fig. 1a includes contributions by both
transient and stationary eddies. The stationary com-
ponent dominates the full eddy forcing during DJF
but the transient eddy forcing is also important during
JJA (Fig. 1b).
Throughout the seasonal cycle, the transition between
westerly and easterly eddy acceleration is well captured
by the thick blue and red lines, which mark the latitudes
where the meridional flow y and the absolute vorticity
f 1 j (both integrated over the 150–300-hPa layer)
vanish. This is consistent with the approximate mo-
mentum balance:
2(f 1 j)y’ S , (1)
where S is the eddy acceleration. We neglected in this
balance vertical momentum advection by the Hadley
cell, which can be locally important over the regions of
zonal-mean tropical upwelling. This term is important at
the equator during both equinox seasons and also ex-
plains the differences between the blue and zero lines
during boreal summer.
The above balance requires that the meridional mo-
mentum flux is maximized near the ‘‘vorticity equator,’’
which we define as the latitude where f 1 j5 0 (red
line). This latitude is associated with the maximum
zonal-mean angular momentum. Figure 1a shows that
the vorticity equator shifts into the winter hemisphere
during the seasonal cycle, leaving the equator over a
region of westerly eddy acceleration. The shift is sig-
nificantly stronger during JJA than during DJF. The
seasonal migration of the vorticity equator is consistent
with the cross-equatorial vorticity transport by the
Hadley cell, which brings negative (positive) vorticity
into the Northern (Southern) Hemisphere during aus-
tral (boreal) summer. This is associated with a south-
ward vorticity transport (f 1 j)y, 0 across the equator
throughout the year (red line in Fig. 1c), but much
stronger during JJA, consistent with the larger dis-
placement of the vorticity equator during this season.
The hemispheric vorticity budget is relevant for un-
derstanding the determination of the equatorial wind, as
implied by the relations
hj
NH
i5
ðp/2
0
ja cosf df5U
EQ
, (2a)
hj
SH
i5
ð0
2p/2
ja cosf df52U
EQ
, (2b)
where the angle brackets denote hemispheric, area-
weighted averages, andUEQ is the zonal-mean equatorial
wind. As noted above, the Hadley cell produces a
southward vorticity transport throughout the year. This
mean vorticity transport is not balanced by the eddy
transport, which is primarily downgradient and hence
also southward (y0j0, 0; blue line inFig. 1c). There is thus a
net southward advective vorticity transport (thick black
line) that can only be balanced by vorticity sources and
sinks. One of our goals is to understand the processes
that balance this advective vorticity transport.
Consistent with the arguments of Lindzen and Hou
(1988), the equatorial winds are easterly during most of
the year, with the exception of weak westerlies during
boreal winter (Fig. 1d, black line). Nevertheless, the
westerly acceleration by the eddy forcing over the
summer hemisphere significantly weakens the easterlies
that would be observed if angular momentum were
conserved. We can get an indication of the impact of the
eddy forcing on angular momentum conservation by
comparing the observed wind with the wind that would
be observed if angular momentum were conserved. The
red line in Fig. 1d shows the equatorial wind that would
be observed if the Hadley cell conserved the planetary
angular momentum at the latitude of maximum zonal-
mean upwelling, while the blue line shows the same using
the mean planetary momentum over the latitudes of
zonal-mean tropical upwelling (weighted by the magni-
tude of this upwelling). It is apparent that the seasonal
migration of the upwelling plays an important role for the
seasonal cycle of the equatorial wind, even though the
Hadley cell is far from angular momentum conserving.
Discussions about the plausibility of terrestrial
superrotation usually revolve around the annual-mean
equatorial momentum balance. In this context, the
analysis of Lee (1999) shows that the main deceleration
term on the equator arises from temporal correlations in
the seasonal cycles of y and j, so it is sometimes argued
that ‘‘Hadley cell transience’’ prevents superrotation.
However, this annual-mean balance simply reflects the
average of the individual seasonal balances (note that y
and j have small annual averages and that zonal-wind
tendencies are negligible at seasonal time scales), and
for each of these, whether superrotation occurs or not
depends primarily on the magnitude of the eddy forcing
and the latitude and strength of the tropical upwell-
ing. Figure 1d shows that terrestrial superrotation does
occur during boreal winter, though it is extremely weak,
while amuch stronger eddy forcing than observed would
be required for superrotation during boreal summer due
to the large polewardmigration of the tropical upwelling
associated with the summer Asian monsoon (Bordoni
and Schneider 2008; Shaw 2014). The annual-mean
equatorial wind is strongly affected by the import of
low-angular-momentum air onto the equator during
this season.
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4. Meridional–vertical decomposition of the eddy
forcing: Advective and flux forms
Using the flux form of the momentum equation, Dima
et al. (2005) showed that tropical eddy momentum
forcing is dominated by the meridional convergence of
u0y0. However, we show below that the impact of vertical
momentum mixing is more important than a cursory
reading of their results would suggest. The meridional–
vertical decomposition of the tropical eddy forcing is
quite different depending on whether the advective or
flux form is used. This is demonstrated by Figs. 2 and 3,
which show the decomposition of the eddy angular
momentum forcing using both formulations:
S5
1
cosf
›(u cosf)
›t

eddy
52
1
a cos2f
›
›f
(u0y0 cos2f)
2
›u0v0
›p
5 y0j02v0
›u
0
›p
. (3)
Based on the flux formulation, the 300–150-hPa eddy
acceleration is dominated by the meridional momentum
flux convergence (Figs. 2b,c), consistent with the results
of Dima et al. (2005). However, the partition is some-
what sensitive to the vertical levels used. As shown in
Fig. 3, the vertical momentum flux convergence is
weaker than the meridional convergence but not en-
tirely negligible. The vertical convergence partially
balances the meridional convergence, strongly peaked
at upper levels, and spreads the eddy forcing over a deep
layer, especially during DJF. Dima et al. (2005)
described a similar momentum flux pattern, which is
ubiquitous in comprehensive and idealized models (e.g.,
Kraucunas and Hartmann 2005; Lutsko 2018; Caballero
and Carlson 2018), although the degree of meridional–
vertical cancellation differs.
However, the decomposition is quite different when an
advective formulation is used [rightmost equality in
Eq. (3)]. The meridional advection term is written here
as a meridional eddy vorticity flux1 so as to emphasize
the vorticity dynamics. As noted in the introduction, the
classical paradigm for eddy-driven jets is basedon thenotion
that Rossby waves transport easterly momentum as they
propagate (Held 1975). In the extratropics, Rossby waves
generated by baroclinic instability propagate equatorward
and produce downgradient (negative) vorticity fluxes when
they break in the subtropics. These are compensated by
positive (upgradient) vorticity fluxes over the source region,
which impart a westerly acceleration in the midlatitudes
(Vallis 2006). A similar mechanism has been proposed
to account for the westerly eddy forcing in the tropics,
except that Rossby waves are presumed to be generated
by asymmetric tropical heating (see, e.g., Saravanan 1993).
The advective decomposition of the eddy forcing
(Figs. 2d,e) is qualitatively consistent with this picture
during JJA, which shows a broad NH region with up-
gradient vorticity fluxes extending all the way to the
equator. In contrast, the SH region with upgradient
vorticity flux is weak and spatially confined during DJF,
and it does not reach the equator. During this season, the
westerly acceleration at the equator is due instead to
vertical momentum advection (Fig. 2e). Similar results
are found for both equinox seasons so that, except for
the JJA case discussed above, the tropical vorticity fluxes
are generally negative (more consistent with a Rossby
wave sink than with a Rossby wave source) and the
westerly acceleration is imparted by the vertical advec-
tion term. Figure 3 shows that this term can also capture
the deep vertical structure of the full eddy forcing.
Vertical momentum advection is also associated with
vorticity generation via vorticity tilting and vertical
vorticity advection (the former being dominant), which
accounts for the missing vorticity source noted in the
previous section. We can see this by differentiating the
vertical advective acceleration meridionally:
1
a cosf
›
›f
 
v0
›u
0
›p
cosf
!
5
 
1
a
›v
0
›f
›u
0
›p
2
1
a cosf
›v
0
›l
›y
0
›p
!
2
 
v0
›j
0
›p
!
.
The two terms in parentheses on the right-hand side
represent the vorticity generation by tilting and vertical
advection, respectively. As a result, the net hemispheric
vorticity generation by these terms (equal to their cosine-
weighted integral between the equator and poles) is given
by the vertical momentum advection on the equator. This
term, indicated by the magenta curve in Fig. 1c, largely
closes the hemispheric vorticity balance.
Motivated by the relation between wave propagation
andReynolds stresses [Andrews et al. 1987; note that the
baroclinic contribution to the vertical Eliassen–Palm
(EP) flux is much smaller than u0v0 in this region], it is
customary to write the eddy momentum forcing in flux
form. For instance, the eddy momentum flux pattern
described above would be consistent with wave refraction
1 The vertical advection term can likewise be written as a vertical
flux of y vorticity, but we see little advantage to using a vorticity
description in this case because y vorticity is not conserved for 2D
motions in the x–z plane. See Harnik et al. (2008) for a description
of the coupled gravity–vorticity dynamics.
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FIG. 2. (a) Full eddy forcing over the 300–150-hPa tropospheric layer as in Fig. 1a and its decomposition into
(b) meridional and (c) vertical eddy momentum convergence, and (d) meridional eddy vorticity flux and (e) eddy
vertical advection. (f),(g) The decomposition of the meridional eddymomentum convergence in (b) into rotational
and divergent contributions, as defined in the text. For clarity, the daily climatologies have been smoothed using a
20-day running mean. The thick black dotted lines mark the zero contours and all panels use the same color bar
(m s21 day21).
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FIG. 3. For the seasons indicated, vertical profiles of (first row) full eddy acceleration and its decomposition into (second row) me-
ridional and (third row) vertical eddy momentum convergence, and (fourth row) meridional eddy vorticity flux and (fifth row) eddy
vertical advection. Units are m s21 day21, with the zero contour in thick black dotted line.
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in the y–zplane, as the strong upper-levelHadley flowmay
favor meridional propagation in the upper troposphere.
However, the actual momentum mixing—ultimately re-
lated to dissipation—is better represented by the ad-
vective term. Zurita-Gotor and Held (2018) discuss a
problem in which the convergence of the momentum
fluxes fails to induce an Eulerian-mean acceleration in a
layer model due to the weakness of the mixing. Our
results suggest that although wave propagation is pre-
dominantly meridional in the tropical troposphere, the
bulk of the mixing actually occurs in the vertical.
The dominance of vertical advection and mixing is
connected to the fact that the eddy dissipation driving
the mean-flow acceleration in the tropics is diabatic, in
contrast with the mechanical dissipation (irreversible
Rossby wave breaking) that is key to the spinup of the
extratropical jet (Vallis 2006, p. 489). As discussed by
Zurita-Gotor and Held (2018), in the presence of a
positive-definite vorticity gradient, a westerly eddy-
driven acceleration requires either a vorticity source or
cross-isentropic momentum advection. In the tropics,
vertical advection provides a good approximation to
cross-isentropic advection: v0›u0/›p’ _Q0›u0/›Q due to
the near balance between diabatic and adiabatic heating
_Q
0
’v0Qp. The dominance of eddy vertical advection
over the eddy vorticity fluxes (which also have the wrong
sign) then suggests that the second route to eddy ac-
celeration of Zurita-Gotor and Held (2018) is more
important in the tropical terrestrial atmosphere. In the
next sectionwediscuss other differences between tropical
and extratropical eddy-driven jets.
5. Rotational and divergent contributions to the
meridional eddy momentum flux convergence
Eddy-driven jets are maintained against friction by
eddy meridional momentum flux convergence. Extra-
tropical eddy-driven jets can be understood using a purely
two-dimensional perspective because the propagation
and mixing are quasi horizontal (isentropic). In contrast,
for tropical eddy-driven jets the momentum mixing oc-
curs predominantly in the vertical. To understand the
relation between eddy meridional momentum flux con-
vergence and eddy vertical advection, it is useful to de-
compose the meridional convergence as follows:
2
1
a cos2f
›
›f
(u0y0 cos2f)52
y0
a cosf
›
›f
(u
0
cosf)
2
u
0
a cosf
›
›f
(y
0
cosf)
5 y0j02 u0D0 , (4)
where D is horizontal divergence. The first term, the
eddy vorticity flux, dominates in the midlatitudes,
where it is responsible for the spinup of the eddy-
driven jet. However, Fig. 4b shows that this term
provides a negligible contribution to the annual-mean
eddy momentum convergence on the equator and is
generally negative over the tropics as discussed above.
On the equator, the eddy momentum flux convergence
is instead associated with the divergent forcing (2u0D0;
Fig. 4c).
Equation (4) implies that the familiar association
between precipitation/upper-level divergence and
anomalous upper-level tropical easterlies is associated
with momentum transport onto the equator. Figure 5
illustrates the mechanism involved in this meridional
momentum transport. A negative u0D0 term is associated
with meridional mass convergence over longitudinal
sectors with westerly wind anomalies and meridio-
nal mass divergence over sectors with easterly wind
anomalies. As isentropic thickness deepens (shallows)
over the former (latter), this configuration leads to
an increase in the mass-weighted momentum u0s0 via
a positive u0Ds0/Dt, where s is isentropic thickness/
density. However, note that by itself, this pattern
cannot change the Eulerian-mean momentum u,
only u0s0 (Zurita-Gotor and Held 2018). The actual
Eulerian acceleration is accomplished by vertical
(cross isentropic) momentum advection, which re-
distributes momentum between the isentropic layers.
In pressure coordinates, we expect downward (up-
ward) motion over longitudinal sectors with upper-
level meridional convergence (divergence). Since the
former (latter) are associated with westerly (easterly)
wind anomalies as noted above, this leads to a west-
erly acceleration by vertical advection 2v0›u0/›p. 0
whenever the wind has a baroclinic structure or an
equivalent barotropic structure with weaker winds near
the surface.
We can also decompose the eddy vorticity flux into
contributions by the divergent and rotational flow:
y0j05 y0rj
01 y0dj
0. (The u0D term is strongly dominated
by the u0rD contribution, not shown.) Figures 4d
and 4e suggest that this decomposition can be use-
ful for separating the fluxes arising from tropical–
extratropical interactions from the internal tropical
dynamics. The rotational component (Fig. 4d) has
a deeper vertical structure and is associated with
momentum exchange between tropics and extra-
tropics. Since we can express y0rj
0 cosf as the conver-
gence of a flux,
y0rj
0 cosf52
1
a cosf
›
›f
(u0ry
0
r cos
2f) , (5)
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FIG. 4. (a) Annual-mean eddymeridionalmomentum convergence (m s21 day21) and contributions by (b) total vorticity flux, (c)2u0D0,
(d) rotational vorticity flux, (e) divergent vorticity flux, and (f) total divergent momentum convergence. The thick black dotted lines mark
the zero contours.
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this term integrates globally to zero. In contrast, the
divergent eddy vorticity flux y
0
dj
0
(Fig. 4e) is very
top-heavy, though small in the deep tropics. It is positive
and large in the subtropical upper troposphere, where it
compensates the deceleration by the u0D0 term (Fig. 4c).
It is easy to show that the sum of these two terms can
again be expressed as the convergence of a flux and
hence also integrates globally to zero:
(y
0
dj
0
2 u0rD
0) cosf52
1
a cosf
›
›f
[(u0ry
0
d1 u
0
dy
0
r) cos
2f] .
(6)
As will be shown below, the first of the two compo-
nents on the right-hand side of Eq. (6) strongly domi-
nates: u0ry
0
d  u0dy0r, which attests to the relevance of the
longwave approximation in the tropics (note that u0r
and y0d are y derivatives of streamfunction and velocity
potential, respectively, while u0d and y
0
r are x derivatives,
and that k l for the dominant momentum-transporting
waves). Our diagnostics show that the meridional con-
vergence of u0ry
0
d is dominated by u
0
rD
0 near the equa-
tor, but in the subtropics u0rD
0 and y0dj
0
are comparable
and largely cancel each other, leaving a net momentum
divergence as a residue. Given the extent of the can-
cellation, we speculate that these terms might be asso-
ciated with a change in the structure of the waves (more
divergent in the tropics and more rotational in the sub-
tropics) as they propagate from one region to another,
rather than with true wave–mean flow interaction
(pseudomomentum forcing), but this question needs to
be investigated further.
In the following we will refer to the sums in Eq. (6) as
the divergent eddymomentumflux and eddymomentum
flux convergence (even though they also involve the
rotational flow) to distinguish them from the purely ro-
tational flux and convergence described above. This
designation is also motivated by the analysis (to be
presented in Part II) that suggests that the rotational
flow u0r is to a large extent forced by the divergent mo-
tions in the tropics. Figure 4f shows that the divergent
momentumflux so defined is associated withmomentum
transport from the subtropics to the equatorial region
and is weak at high latitudes. Finally, we note that there
is also a purely divergent contribution to the eddy mo-
mentum convergence:
2u0dD
0 cosf52
1
a cosf
›
›f
(u0dy
0
d cos
2f) . (7)
This contribution is much smaller than the terms in-
cluded in Fig. 4 (not shown) and will not be discussed
further.
To conclude, Fig. 6 shows the partition of the merid-
ional momentum flux convergence for the two solstice
seasons, with results similar to those presented above.
As for the annual mean, the equatorial convergence is
dominated by the divergent momentum flux in both
seasons, though the rotational component has a small
contribution during JJA. The role of this term is nev-
ertheless much less important than suggested by the
seasonal cycle of the full eddy vorticity flux (the
dominant JJA forcing; cf. Fig. 2d), since a significant
fraction of this vorticity flux is in fact associated with
y0dj
0. This is demonstrated by the bottom two panels
of Fig. 2, which show how the annual cycle of the eddy
meridional momentum convergence is partitioned
into its rotational and divergent components. We can
see that the divergent momentum flux is the leading
acceleration term, even during JJA, by virtue of the
y0dj
0
contribution. We speculate that the enhanced
role of the eddy vorticity flux (both rotational and di-
vergent) during JJA compared to DJF might be due
to enhanced vorticity generation in the tropics dur-
ing boreal summer in association with the Tibetan
anticyclone.
6. Analysis of the divergent momentum flux
We have shown above that eddy momentum flux
convergence in the tropics is dominated by the divergent
momentum flux. However, the same is not necessarily
true for themomentumflux, because the above diagnostics
could also be compatible with a cross-equatorial rotational
momentum flux connecting the two subtropical hemi-
spheres, with weak convergence in the deep tropics.
Motivated by recent findings on such an interhemi-
spheric teleconnection (Ji et al. 2014; Li et al. 2015),
FIG. 5. Sketch illustrating the mechanism of eddy momentum
convergence by the divergent circulation (wide orange arrows).
When u0D0, 0, there is meridional mass convergence over longi-
tudinal sectors with eddy westerlies (red arrow) and meridional
mass divergence over sectors with eddy easterlies (blue arrow).
This increases (decreases) isentropic thickness over the former
(latter) longitudes, and leads to an increase in the mass-weighted
momentum u0s0.
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Figs. 7 and 8 show the partitioning of the tropical mo-
mentum flux into its rotational and divergent compo-
nents during DJF and JJA, respectively.
During both solstice seasons, wave propagation is
directed from the summer to the winter hemisphere
(Figs. 7a, 8a). The cross-equatorial rotational (blue)
and divergent (red) momentum fluxes are of the same
sign, but the latter are more than twice as large on
the equator. We can also see that the divergent eddy
momentum flux is strongly dominated by the u0ry
0
d
component (dashed red line), as anticipated above.
The divergent eddy momentum flux is associated
with the region of strong meridional momentum
convergence adjacent to the equator in the summer
hemisphere (in JJA, a second peak of momentum
flux convergence at higher northern latitudes is also
apparent).
In contrast, the rotational momentum flux is associ-
ated in both hemispheres and seasons with waves gen-
erated at higher latitudes. During DJF the rotational
FIG. 6. As in Figs. 4a, 4d, and 4f, but for (a),(c),(e) DJF and (b),(d),(f) JJA.
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momentum flux diverges throughout the tropics but
during JJA there is a narrow band of (weak) eddy mo-
mentum flux convergence slightly to the north of the
equator. In the deep tropics the rotational momentum
flux is larger in the summer than in the winter hemi-
sphere but the contrary is true poleward of about 158.
The latter is consistent with the seasonal cycle in ex-
tratropical eddy generation, which gives rise to stronger
Rossby wave propagation into the winter subtropics.
However, because the rotational wave flux does not
penetrate deep into the tropics in this hemisphere, close
to the equator propagation from the summer hemi-
sphere dominates. This may reflect the asymmetry
in propagation introduced by the Hadley cell flow
(Schneider and Watterson 1984; Li et al. 2015), or it
could be due to the stronger Rossby wave forcing in the
summer tropics.
The bottom panels of Figs. 7 and 8 show with dashed
lines the rotational and divergent momentum fluxes and
flux convergence due to the stationary eddies alone.
Dima et al. (2005) already noted the dominance of the
stationary momentum flux in the tropics but it is inter-
esting to perform the analysis for the rotational and
divergent components separately. As expected, the
stationary rotational momentum flux is larger in the
Northern Hemisphere than in the Southern Hemisphere,
particularly during DJF, when extratropical planetary
waves propagating into the tropics are known to force the
Hadley cell (Zurita-Gotor and Álvarez-Zapatero 2018).
In contrast, the stationary divergent momentum flux
has a very similar structure to the full divergent mo-
mentum flux: it peaks near the equator in the summer
hemisphere and decays away rapidly on the winter side
of the equator. It is apparent that the stationary wave
component dominates the divergent momentum flux,
especially during DJF.
Figures 9a and 9b show the climatological-mean
upper-level eddy divergence D0 and (u0r y
0
d) eddy wind
vectors that produce the observed stationary divergent
eddy momentum flux during DJF and JJA, respectively.2
During DJF, we observe northward cross-equatorial flow
over the Indian Ocean–western Pacific sector, a region
with climatological-mean eddy easterlies, and southward
cross-equatorial flow over the eastern Pacific–tropical
FIG. 7. During DJF, (a) rotational (blue) and divergent (red; the u0ry
0
d contribution is shown with a dashed line)
eddy momentum fluxes and (b) their convergence. The arrows in (a) show the direction of propagation as depicted
by the associated EP fluxes and latitudes with positive momentum convergence are emphasized with a thick line in
both panels. (c),(d) Contribution of the stationary momentum fluxes (dashed) to the full eddy momentum flux and
convergence (solid). All variables are averaged over the 150–300-hPa layer.
2 To keep the notation simple, we do not use any special symbol
to denote stationary wave components. Eddy (primed) anomalies
will represent climatological-mean values for the remainder of this
section.
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Atlantic sector, a region with climatological-mean eddy
westerlies. The y0d convergence gives rise to eddy mo-
mentum flux convergence and a westerly acceleration
through the u0D0 term, as discussed in the previous
section. The reverse y0d pattern is found during JJA. It
is also apparent from Figs. 9a and 9b that the sta-
tionary momentum flux is dominated by long zonal
waves, especially during JJA. Figure 9d shows the
seasonal cycle of the stationary momentum flux due
to zonal wavenumber k5 1 alone, which should be
compared to the full stationary momentum flux in
Fig. 9c. The k5 1 contribution accounts for over 70%
(90%) of the u0ry
0
d amplitude during boreal winter
(summer), with the remaining DJF momentum flux
almost entirely due to zonal waves k5 2 and k5 3
(not shown).
Figure 10 describes the zonal structure contributing to
the stationary momentum transport in more detail. The
top two panels show the seasonal cycles of the upper-
troposphere, monthly-mean u0r and y
0
d, latitudinally av-
eraged within 108 of the equator, for all waves (left) and
for k5 1 alone (right). The rotational u0r maintains a
roughly constant phase throughout the year, with eddy
westerlies in the Western Hemisphere and eddy east-
erlies in the Eastern Hemisphere. However, its ampli-
tude is significantly stronger during northern winter
than during northern summer. This is not just due to the
presence of higher zonal wavenumbers during DJF:
even for k5 1 the u0r amplitude is 50% larger during this
season than during JJA. In contrast, the divergent
y0d has a similar amplitude during both solstice seasons
but its phase reverses throughout the seasonal cycle
as the ITCZ migrates into the summer hemisphere.
Year-round, the strongest convection and cross-equatorial
flow is found to the west of the date line over the warm
pool region, giving rise to southerly (northerly) eddy me-
ridional winds over this region during DJF (JJA). This
seasonal reversal in y0d as u
0
r keeps a constant phase ex-
plains the sign change in the eddymomentum flux (Fig. 10,
bottom right).
Although one can capture the latitudinal structure
and much of the amplitude of the zonal-mean u0ry
0
d flux
at all seasons using zonal wave k5 1 alone, higher har-
monics lead to the localization of this flux over some
longitudinal sectors (Fig. 10, bottom left). During DJF,
the bulk of the southward eddy momentum transport is
found over the tropical eastern Pacific, with a secondary
peak over the tropical eastern Atlantic. In contrast,
during JJA the northward eddy momentum transport is
strongly localized over the Indian Ocean. The former is
consistent with the existence of a westerly duct favoring
cross-equatorial propagation over the eastern Pacific
(Hoskins and Ambrizzi 1993). Although zonal winds are
easterly at all longitudes during JJA, it has been argued
by Schneider and Watterson (1984) and Li et al. (2015)
that the Hadley cell flow allows along-stream Rossby
wave propagation through easterly winds. However,
all these ideas about Rossby wave propagation come
FIG. 8. As in Fig. 7, but for JJA.
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from barotropic theory and only concern the rotational
momentum fluxes, while the bulk of the momentum
transport is divergent. We discuss the generalization of
these ideas in Part II.
7. MJO eddy momentum transport
We showed above that the stationary wave contribu-
tion dominates the divergent eddy momentum flux in
the tropics (consistent with Dima et al. 2005), with some
seasonal differences. The transient contribution is neg-
ligible during DJF (Fig. 7d) but nearly as large as the
stationary contribution during JJA (Fig. 8d; see also
Figs. 1a,b). Lee (1999) used spectral analysis (in annual
data) to show that the transient eddy momentum flux
is dominated by interannual variability in the tropics,
with the MJO playing a much smaller role. However,
the MJO impact on momentum transport may be en-
hanced in a warmer climate and potentially lead to
superrotation (Lee 1999; Caballero and Huber 2010).
Motivated by this, we investigate in this section the dy-
namics of the MJO momentum transport by means of
regression analysis using the diagnostics of Adames and
Wallace (2014).
The top three panels of Fig. 11 show regressions of
upper-level divergence (shading) and (u0r, y
0
d) wind
vectors on the standardized extended winter (NDJFM)
MJO time series for equispaced phases of an MJO
half period. The same patterns with reversed signs
would be observed during the second half period, and
only anomalies significant at the 95% level are shown.
The sequence shown corresponds to the most active
and slowest phase of MJO progression, during which
the longitude of maximum equatorial Dx1502850 (red
FIG. 9. (a) DJF climatology of upper-level (150–300-hPa average) eddy divergence (shading; day21) and (u0r , y
0
d)
wind vectors (reference vector: 10m s21). (b) As in (a), but for the JJA climatology. (c) Seasonal cycle of stationary
u0ry
0
d, with the zero contour shown in thick black dotted line. (d) As in (c), but for the k5 1 contribution alone.
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marker in Fig. 11) moves from the Maritime Continent
to the eastern Pacific. Inspection of these maps shows
predominance of easterly (westerly) zonal winds over
regions of upper-level y0d divergence (convergence).
Upper-level divergence dominates for the first two
maps, while convergence is also apparent over the
Indian Ocean in the third map, by which time the MJO
peak has moved into the eastern Pacific and convection
is suppressed over the warm pool. This pattern is
associated with equatorial momentum flux convergence
u0D0, 0 through the mechanism described in section 5
and with southward cross-equatorial momentum flux
due to the meridional asymmetry in y0d, as upper-level
divergence peaks in the SH during this season.
Figure 12a shows the evolution of the NDJFM MJO-
driven meridional eddy momentum flux through an
MJO period, calculated by averaging zonally the prod-
ucts of the zonal and meridional wind anomalies for
FIG. 10. (left) Annual cycle of the monthly mean eddy wind components (top) u0r and (middle) y
0
d, averaged
between 150 and 300 hPa and between 108S and 108N, and (bottom) their product, the stationary momentum flux
u0ry
0
d. (right) The k5 1 contributions to the (top) u
0
r and (middle) y
0
d fields, and (bottom) the seasonal cycles of the u
0
r
and y0d norms (RMS amplitude for all waves) and their relative phase, defined as u5 cos
21(u0ry
0
d/ju0rjjy0dj).
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the different MJO phases (phases are expressed here
in terms of the longitude of maximum Dx). The eddy
momentum transport is strongest during the peakMJO
phases, when convection is either strongest or most
strongly suppressed over the Maritime Continent. This
momentum flux is dominated by the divergent com-
ponent (Fig. 12b), consistent with the mechanism de-
scribed above. However, although the MJO-related
momentum flux has the same sign and structure as the
full momentum flux, it is an order of magnitude smaller
than the stationary momentum flux in Fig. 9c, consis-
tent with the diagnostics of the previous section and
the results of Lee (1999). The same is true during the
extended northern summer (JJAS; Figs. 12c,d) even
though the transient contribution to the divergent
momentum flux is more important during this season.
The weakness of the MJO momentum transport is
simply due to the small magnitude of the MJO anom-
alous divergence and wind vectors compared to those
in the climatological-mean stationary waves (note the
different scales in Figs. 9 and 11).
On the other hand, Grise and Thompson (2012) have
shown that tropical eddy momentum transport is sig-
nificantly modulated by the MJO, with the regressed
eddy momentum flux exceeding 3m2 s22 (cf. their Fig. 9).
Although these anomalies are larger than theMJO fluxes
in Figs. 12a and 12b, they produce no net momentum
transport when averaged over an MJO period. This is
illustrated in Fig. 12e, which shows the regression of the
daily eddy momentum flux on the MJO as a function of
phase for the NDJFM season. We can see that tropical
eddymomentum transport is enhancedwhen theDx peak
FIG. 11. Regression of upper-level (150–300-hPa average) divergence (shading; day21) and (u0r , y
0
d) wind vectors
(reference vector: 5m s21) on the standardizedMJO index ofAdames andWallace (2014) duringNDJFM for three
equally spaced phases covering a half period of the oscillation. The MJO phase (longitude of maximum velocity
potential difference) is indicated by the red marker at the equator, and only anomalies significant at the 95% level
are shown.
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is located over the equatorial Pacific and Maritime Con-
tinent, and suppressed at other phases of theMJOperiod.
These correspond to phases of constructive and de-
structive superposition between the MJO anomaly and
the climatological-mean stationary waves, as demon-
strated by the good agreement between Fig. 12e and
the simple linearization u0climyMJO1 uMJOy
0
clim in Fig. 12f
(u0clim and y
0
clim are the climatological eddy winds and
uMJO and yMJO the regressed MJO anomalies) and con-
sistent with the arguments of Grise and Thompson (2012).
If the MJO anomalies are O(«) smaller than the
climatological-mean anomalies, the linear interference
effect will produce changes in the momentum flux of
the same order through an MJO period, with no net rec-
tified transport. The actual MJO momentum transport
averaged over the MJO period will be smaller, O(«2).
The results presented in this section point to « values
around 0.3.
8. Summary and concluding remarks
In this work, we have analyzed the role played by
the divergent circulation for tropical eddy momentum
transport. Although the importance of the divergent
flow is of course well recognized in the tropics, the
implications for meridional eddy momentum trans-
port appear not to have been investigated before.
Since the role of tropical eddies in the determination
of the climatological-mean tropical winds has received
little attention until relatively recently (Lee 1999;
FIG. 12. (a) MJO momentum flux (zonal mean of the product of the regressed MJO velocity anomalies) as a
function of the MJO phase, expressed in terms of the longitude of maximum velocity potential. (b) As in (a), but
for the divergent contribution u0ry
0
d. (c) As in (a), but for JJAS. (d) As in (b), but for JJAS. (e) Regression of the
daily eddy momentum flux u0y0 on the MJO index during NDJFM. (f) Linear superposition between the MJO
anomaly and the climatological stationary wave: u0climyMJO1uMJOy
0
clim.
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Dima et al. 2005), the dynamics of tropical eddy mo-
mentum transport has not been studied in asmuch depth
as other aspects of the tropical circulation.
The important role of the divergent momentum
transport is a consequence of the diabatic character of
the tropical circulation. Although wave propagation is
predominantly meridional (implying dominance of me-
ridional eddymomentum fluxes), the bulk of the forcing/
dissipation is associated with cross-isentropic momen-
tum transport and vertical mixing. This entails a very
different mechanism of meridional eddy momentum
flux convergence from the extratropical jet, associated
with mass convergence over sectors with anomalous
westerlies and mass divergence over sectors with
anomalous easterlies, rather than with vorticity fluxes.
This mechanism is similar to that described by Zurita-
Gotor and Held (2018) for coupled Kelvin–Rossby in-
stability, except that the cross-isentropic momentum
transport is presumably due to convective heating in the
terrestrial atmosphere.
The dominant component of the eddymomentum flux
in the tropics is associated with correlations between the
rotational zonal velocity and the divergent meridional
velocity: u0ry
0
d. This is the case both for the stationary
wavemomentum transport and for theMJOmomentum
flux, though the former dominates due to the larger
amplitude of the stationary wave. The symmetric term
u0dy
0
r is significantly smaller, consistent with the large
zonal scales of the momentum-transporting waves. This
implies that the Walker cell, associated with the di-
vergent zonal flow u0d, is not important for tropical mo-
mentum transport. Instead, our results suggest that
tropical eddy momentum transport arises primarily
from correlations between zonal anomalies in the
meridional overturning/Hadley cell flow and the upper-
troposphere Rossby gyres. We can understand the sea-
sonal reversal in the eddy momentum flux by noting
that the Rossby gyres keep a roughly constant phase
throughout the year, whereas the zonally varying me-
ridional overturning changes sign from winter to sum-
mer as the strongest convection and cross-equatorial
flow are found west of the date line during both solstice
seasons. The stationary momentum transport is domi-
nated by the gravest zonal wave k5 1. This description
of tropical eddy momentum transport is consistent with
the findings of Grise and Thompson (2012) that eddy
momentum flux variability in the tropics is driven by
changes in the amplitude of the equatorial stationary
waves. In particular, the reduction in the eddymomentum
flux during the warm ENSO phase (Adames andWallace
2017) can be understood by noting that the weakening of
the equatorial stationary wave is associated with a more
symmetric Hadley cell.
Because the tropical momentum flux involves both
rotational and divergent anomalies, one cannot infer the
sign of the eddy momentum flux from the meridional tilt
of the isohypses alone—the full velocity vectors need to
be considered. The sign of the divergent eddy momen-
tum flux is instead determined by the relative phases
of the divergent and rotational anomalies, which re-
quires some coupling between them. We can envision
two simple, idealized models for this coupling. First, one
could have nearly balanced, remotely forced rotational
waves that develop a secondary divergent circulation
through adjustment to balance as they propagate into
the tropics, similar to the ageostrophic circulation of
extratropical Rossby waves. This could be a reasonable
model for weakly convecting atmospheres. Alternatively
(and more plausibly for the strongly convecting Earth),
we might envision a diabatically forced divergent circu-
lation generatingRossby waves through vortex stretching
and/or meridional advection by the divergent component
of the flow (Sardeshmukh and Hoskins 1988).
The key question in this latter scenario is what de-
termines the phase relation between the divergent
forcing and the rotational response. Assuming that the
forced rotational flow will adjust to balance the vorticity
forcing by the divergent flow, the answer will depend on
the closure of the vorticity balance. For instance, consider
the simple thought scenario of a cross-equatorial south-
wardHadley circulationwith uniformmeridional velocity
V at upper levels, that is locally enhanced by anomalous
southward flow y0d centered at and symmetric about some
longitude x0 (Fig. 13a). This anomalous meridional flow
will produce a positive eddy vorticity forcing2y0db. 0 in
both hemispheres, which must be balanced by the rota-
tional vorticity tendency. If we assume that this tendency
is dominated by the beta term, Dr( f 1 j)/Dt’ y0rb, then
we must have y0r’2y
0
d to balance the vorticity source.
Thus, y0r will also be symmetric about the longitude x0,
while c0 and u0r will be antisymmetric, which implies a
zero divergent momentum flux u0ry
0
d5 0 (alternatively,
u0ry
0
d52u
0
ry
0
r5 0 since the streamlines can have no me-
ridional tilt by symmetry). The induced rotational circu-
lation is depicted schematically in Fig. 13b.
On the other hand, if we assume that V is so strong
that the vorticity tendency is dominated by meridional
vorticity advection by the Hadley flow and the beta term
is negligible,Dr(f 1 j)/Dt’Vdj
0/dy, then the rotational
response will consist of a dipolar vorticity pattern with
negative (positive) anomalous vorticity north (south) of
the equator (Fig. 13c). This will be associated with equa-
torial westward flow at longitude x0 by the twin anticy-
clones and hence with a positive eddy momentum flux
u0ry
0
d. 0. More generally, when both terms are included
these arguments suggest that the eddy momentum flux
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should increase as the Hadley flow V strengthens (of
course, other terms may also be important). This thought
scenario is interesting because Kraucunas and Hartmann
(2007) have found in idealized shallow-water simulations
that the cross-equatorial eddy momentum flux is signifi-
cantly enhanced in the presence of a mean Hadley cell.
While Kraucunas and Hartmann (2007) attribute this
enhancement to the impact of the mean meridional flow
on Rossby wave propagation predicted by nondivergent
theory (Schneider and Watterson 1984), we have shown
in this paper that the eddy momentum flux is dominated
by the divergent component in observations. We will
analyze in more detail in Part II the dynamical de-
terminants of the observed u0r2 y
0
d correlation.
We conclude with a caveat. As most previous studies
(e.g., Dima et al. 2005), we followed in this work the
conventional approach of decomposing the circulation
into zonal-mean and eddy components. Given our find-
ings that the eddy momentum transport is dominated by
the gravest zonal component and can be largely under-
stood as a zonal modulation of the symmetric Hadley cell,
an alternative model of a nonzonal Hadley circulation
(Schneider 1987;Hsu and Plumb 2000)may be preferable.
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